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Introduction
Because surface acoustic wave devices (SAW) exhibit a high sensitivity to various physical and chemical parameters, they offer innovative and very promising solutions in a wide range of sensing applications [1] [2] [3] . In addition to being small, simple and robust, these devices have the advantage of being passive (batteryless), remotely queried (wireless), packageless (when needed), and inexpensive if they are fabricated at a large scale [4] [5] [6] [7] . Their use as passive and wireless sensors allows them to operate in rotating parts or in extreme conditions such as high temperature (up to 1000°C) or radioactive environments, in which no other wireless sensor can operate [8, 9] .
Practical SAW sensor systems have been reported, such as temperature, chemical and pressure sensors [5, 10, 11] .
Recent developments have enabled the elaboration of magnetic field SAW sensors by combining magnetostrictive and piezoelectric materials [12] [13] [14] [15] . Magnetic SAW devices such as a SAW delay line made of TbCo2/FeCo/Y-cut LiNbO3 [13] and SAW resonators with Ni electrodes/quartz [12] were reported. However additional efforts need to be made in order to increase the sensitivity to the magnetic field of such structures.
Systematic fabrication, test and demonstration of SAW sensors performances are time consuming and expensive, especially when layered structures are considered, and when the sensitivity to external parameters is investigated. Thus, accurate simulation models are required to design optimal SAW magnetic field sensors based on resonators or delay lines. For such devices, the finite element analysis (FEM) is a useful and efficient tool, notably because of the relative ease of implementation of complex geometries. In our study, a single half-period structure has been studied, and the application of inverted periodical boundary conditions allowed us to compute the derived infinite geometry [16] . It should be noted that if extremely precise data are required, FEM will use very important computational resources.
This work presents an accurate and fully coupled model enabling the investigation of magnetoelastic SAW devices sensitivity to an externally applied magnetic field. This model is then validated experimentally. Both the direction and the intensity of the applied magnetic field are considered. The magnetic field dependence of SAW resonators is demonstrated, leading to possible applications as either magnetic field sensors or externally controlled frequency-tunable resonators. This paper is organized as follows: in section 2, we describe the development of a numerical model to study magnetic field SAW sensors, which is, in a first step, successfully confronted to experimental results previously published by Kadota &al. [12] . In section 3, we use this model to study extensively a new layered structure, in terms of insertion loss, sensitivity to the magnetic field in two in-plane directions, the quality factor and to describe the impact of using harmonics. In section 4 we describe the fabrication and characterization of the new layered structure and provide additional demonstration of the validity of the developed numerical model. To finish, section 5 describes new strategies to yield highly sensitive and high Q wireless magnetic field sensors.
Model validation
A FEM computational study was performed using COMSOL Multiphysics considering a magneto-elastic wave in a ferromagnetic film deposited on a piezoelectric substrate.
We consider a magnetoelastic wave in a ferromagnetic thin film deposited on a substrate and magnetized to saturation. In this case, the equations for the mechanical and magnetic systems, the equations of Landau-Lifshitz and motion equations are ( [17] ):
Where the gyromagnetic ratio, 9 is is is the ith component of the particle displacement, and ; denotes the Eulerian coordinates. The effective magnetic field and 9; is the stress tensor given by [26]:
where is the Maxwellian magnetic field, and CD is the strain tensor
U is the local internal energy density written as U=Uan+Ume+Ue, , Uan is the magnetocrystalline anisotropy energy, Ume is the magneto-elastic coupling energy and Ue is the elastic Energy.
When linearizing the equations (1) and (2) around a ground state position, we obtain the dependence between elastic constants and the magnetic field. ∆ 9; is the term dependent to the magnetic field ( [18] ). The elastic constant M 9;
of the magnetic film are dependent of the applied magnetic field H. M 9; = 9; + ∆ 9; (6)
The numerical model was generated using the AC/DC and the structural mechanics modules of COMSOL Multiphysics. To introduce the coupling between the two domains, appropriate terms are added to the subdomain variables. The coupling magnetostriction equations are ( [19] ):
Where is the stress, N is the compliance matrix at constant flux density, is the strain, ℎ is the piezo-magnetic coupling coefficients. is the variable magnetic field, is the flux density, and T is the inverse of the permeability at constant strain.
A FEM computational study was performed using COMSOL Multiphysics. In a magnetostrictive thin film, a coupling between the AC/DC module and the structural mechanics module was implemented. To verify if the magnetoelastic interaction calculation in our model is correct, a half period of Ni-IDT/quartz SAW resonator [12] was first studied ( Fig. 1 ).
Fig. 1
The sensitive element consists of IDTs made in nickel. We investigated the magnetic sensitivity of the SAW sensor by studying the relative frequency shift to the external magnetic field for different IDT features. Figure 2 shows the dependence of the sensitivity to the metallization ratio of the IDTs in X and Y directions, i.e. parallel and perpendicular to the direction of propagation of the acoustic wave, respectively.
As one can observe, the higher the metallization ratio, the higher the sensitivity, particularly in the Y direction. For this reason a metallization ratio of 80%, which is elevated but still compatible with a practical implementation, was used as in [12] to study the magnetic characteristics of the SAW sensor.
Fig. 2
Using a 80% metallization ratio, the relative frequency shift ( Fig. 3 ) and the quality factor ( Fig. 4 ) versus the magnetic field intensity were then calculated for each direction (X, Y, Z) and compared to the experimental results published by Kadota et al. [12] . The obtained results are highly consistent with the experimental ones, thus confirming the validity of our model. As an example, at B=120 mT, Δf =100ppm and 95 ppm for the experiment and the simulation, respectively. As one can observe in figure 4 , the sensor is more sensitive to the magnetic field in the X direction. However, the theoretical and experimental results show that the quality factor (Q) is also strongly affected by the magnetic field intensity and direction. Figure 5 shows that the Q value decreases with the intensity of the magnetic field applied in the X direction and reaches a minimum value of 2500 for B=38 mT. This value is too low to enable a remote interrogation of the SAW sensor, thus complicating any use in wireless applications. In the Y-direction, the Q factor gradually increases when magnetic field intensity increases. This explains why this structure was considered as a suitable candidate for testing as a wireless sensor of the magnetic field only in the Y direction. Note that in simulated results, Q is estimated by the inverse of the fractional width between frequencies where the real part of the admittance Y becomes the half height of its peak [20] . According to previously published paper [21] the variation of frequency (i.e. phase velocity) and Q factor versus magnetic field intensity shown in Fig. 3 and Fig. 4 respectively are attributed to the ΔE effect, which is a change in Young's modulus E under magnetic fields, and to a dynamic magnetoelastic coupling, which is the interaction between acoustic waves and magnetic moments. Indeed, as described by P. Smole et al. [22] , applying an external field in hard axis direction leads primarily to a decrease in the elastic modulus towards a local minimum. A further increase of the external field causes a proportional growth of the elastic modulus up to a saturation value where the E modulus is approximately the same as in the initial state. Thus, the Q factor behavior follows the Young Modulus one.
3. Theoretical study of Ni/ZnO/IDT/LiNbO3 structure
Frequency response of the structure with no magnetic field
After validating our model by analysis of the matching with known results, we extended the use of this model to new structures in order to enhance the sensor sensitivity. A delay line made of a Ni/ZnO/IDT/LiNbO3 layered structure was considered ( Fig. 5 shows a half-period of an IDT). The purpose of this design is to add additional degrees of freedom in the structure by separating the Ni sensitive layer and the metallic IDT layer. The Ni sensitive layer has now a 100 % metallization ratio and the IDTs are made with aluminum, whose conductivity is almost 2.5
times higher than the one of nickel. The IDTs spatial period was fixed to 24µm. Thus the elastic wavelength (l) related to central frequency of the fundamental is equal to 24 µm. If we consider the harmonic n, the related wavelength is ln= l/n. Thin film of zinc oxide (ZnO) was used as insulating layer in order to avoid the shorting of the IDTs by the nickel layer.
Fig. 5
Considering the previously performed optimization of the ZnO and Ni layers regarding the SAW sensor sensitivity to the magnetic field and the electromechanical coupling coefficient (K 2 ), their thicknesses were fixed at 250 nm and 200 nm, respectively [23] .
As shown in figure 6 , the S21 frequency response of the optimized structure was calculated for each step in our device modeling: IDT/LiNbO3, ZnO/IDT/LiNbO3, and finally Ni/ZnO/IDT/LiNbO3. As one can observe, the insertion loss (IL) of the device is slightly affected by the presence of the ZnO and Ni layers. These changes in the insertion losses are due to the dependence of the considered structures on the propagation loss and on the K 2 value.
To quantify the contribution of K 2 and quality factor (Q) to insertion losses, these parameters were also calculated at different steps. Table 1 summarizes the calculated values of K 2 , IL, Q and of the center frequency. Table 1 Fig. 6
The wideband S11 frequency response of the optimized Ni/ZnO/IDT/LiNbO3 delay line structure was then calculated and the results are shown in figure 8-a. The peaks obtained at 162MHz, 460 MHz and 810MHz were respectively identified as the peak of the fundamental Rayleigh mode (H1), of its third spatial pseudo-harmonic (H3) and of the fifth one (H5). The term "pseudo" is used because the frequency values of H3 and H5 are not the exact multiples of H1, which is due to the acoustic wave velocity dispersion induced by the multilayer configuration in the considered structure [24] [25] . The identification of the mode and of the spatial pseudo-harmonics is made by analyzing the distribution of the particles displacement. Figure 8 -b shows the 2D presentation of the calculated particles displacement distributions in the Ni/ZnO/LiNbO3 layered structure obtained for the H1, H3 and H5 spatial pseudoharmonics. The wavelength related to each spatial pseudo-harmonic is clearly observed: the penetration depth of the acoustic wave is inversely proportional to the considered frequency (i.e. the order of the harmonic). Thus, we can expect that, for high frequencies, the sensitivity to magnetic field of the structure will be enhanced. Indeed, the acoustic wave is more confined to the surface and subsequently in the sensitive layer. 
.1 Sensor sensitivity to magnetic field
For all the spatial harmonics, the magnetic sensitivity was calculated, when the direction of the applied magnetic field is parallel to the direction of acoustic wave propagation (i.e X direction). Figure 8 -a shows that when the magnetic field intensity increases, the resonance frequency of the device first decreases, then reaches a minimum for H= 0.18Tesla, and then increases, trending towards the initial value. We can consider that the studied device could be advantageously used as a magnetic field sensor in the range of intensity between 0 and 160mT in the X direction.
The Ni/ZnO/IDT/LiNbO3 structure shows a relative sensitivity of 0.69ppm/mT for the fundamental mode. This sensitivity is enhanced by a factor 3 when we consider the third spatial pseudo-harmonic (2.1ppm/mT) and by a factor 5.2 for the fifth one (3.6ppm/mT), as it is shown in figure 9 -a. As expected, the sensor sensitivity is enhanced with the order of the considered spatial pseudo-harmonic (i.e. operating frequency). Note that here the sensitivity is expressed in (ppm/mT) in a relative fashion, and if we consider the absolute sensitivity in (Hz/mT) corresponding to the actual frequency shift, the enhancement is of a factor 26 for the fifth harmonic.
The magnetic field was then applied in the Y direction, perpendicular to the acoustic wave propagation. The results obtained for the fundamental mode and for the two nearest spatial pseudo-harmonics are shown in figure 8 
Similarly to the X direction, the sensitivity increases when the considered operating frequency increases. As we can see, the frequency shift in the Y direction is smaller than the one in the X direction. However, the range of sensitivity that could be considered for sensor applications is almost three times wider in the Y direction (from 0 to 500mT). Moreover, when we compare the frequency shifts for two directions of the magnetic field, X and Y ( Fig.   9 ), we can see that the Y-direction frequency shift presents a better linearity with respect to the field intensity. Even more important for applications is the absence of ambiguous sensor readings that appear in X-direction (i.e. same central frequency for two different magnetic field intensities). 
Quality factor
As mentioned before, the quality factor is a critical parameter for SAW devices. The sensor accuracy is directly depending on Q value and in wireless configuration the query distance is also limited by the Q value. A minimum value of 3000 is often required. Q variations versus applied magnetic fields in the X and Y directions were extracted from admittance-frequency response and calculated for all the spatial pseudo-harmonics H1, H3 and H5.
The obtained results, summarized in figure 10 , show that the Q value decreases with the intensity of the magnetic field in the X-direction and reaches a minimum value of 800 for B=200mT. When the magnetic field is applied in the Y direction, the Q value increases with the magnetic field intensity. A slightly larger value of 2279 is obtained for the fifth harmonic at 600 mT. In many cases, this value is not sufficient for many wireless SAW sensor applications. 
Experimental results

Electrical characterization
To confirm our theoretical predictions, a Ni/ZnO/IDT/LiNbO3 structure optimized by FEM modeling was fabricated. In the first step, the aluminum IDTs of the delay line were fabricated on the surface of a 128°Y-X LiNbO3 substrate using photolithography and wet etching processes. The spatial period of the IDTs that defines the working wavelength was fixed to 24 µm. Then, according to the modeling results, a 250 nm-thick insulating ZnO layer was deposited over the IDTs and the LiNbO3 substrate by RF magnetron sputtering. Finally, a 200 nm thick Nickel film was deposited on the ZnO surface using RF magnetron sputtering. Depositions parameters for ZnO and Ni are described in previous work [23] .
The magnetization of the Ni thin film has been measured with a vibrating sample Magnetometer (VSM). The obtained results along X and Y axis are displayed in figure 9 and they confirm that the deposited Ni film is sufficiently isotropic in X and Y plane. Frequency responses of the realized delay line SAW structure Ni/ZnO/IDT/LiNbO3 in transmission configuration (S21) were measured using Network Analyzer (Agilent PNA 5230A, Santa Clara, CA) and RF probe station RF (PM5Suss Micro-tech PM5). As shown in figure 10 , measurement was made before and after ZnO and Ni films depositions. We can observe that after adding the two layers (ZnO and Ni) the fundamental peak shift from 164.9 MHz to 159.4 MHz, the third pseudo-harmonic from 498.8 MHz to 465.5 MHz and the fifth one from805.1MHz from to 753 MHz.
In order to prepare test samples for magnetic characterization, the SAW delay line structure Ni/IT/ZnO/LiNbO3 is bonded to copper-coated printing circuit board (PCB), suitable for microelectronics applications. The connections are established between the PCB and the SAW device using a 20 µm diameter gold wire (Fig. 10 ). Four RF connectors (SMA) are used in order to characterize simultaneously two independent SAW devices. The S21 frequency response of the mounted device was measured with a network analyzer (see Figure 14 ). The insertion loss (IL) of the device is slightly affected by the mounting process (+2.8 dB for the fundamental peak). Note that after packaging, only the fundamental and the third pseudo-harmonics appear clearly at 159.4 MHz and 465.5 MHz.
Thus, for experimental magnetic characterization, only those two frequencies will be considered. 
Magnetic characterization
A magnetic field with controlled intensity is applied to the packaged SAW device. The device can be rotated to change the orientation of the applied magnetic field. A Network Analyzer (PNA 5230A) was used to characterize the frequency response of the SAW device and the variation of the center frequency is collected versus intensity and direction of the applied magnetic field. A photo of the experimental set up is shown in Figure 11 .
Fig. 11
Note that the maximum external magnetic field reached in our experimental characterization is limited to 0.35mT. The center frequency of the delay line was measured versus the intensity of magnetic field when the field was first applied in X-direction and then in Y-direction. Figure 12 , shows the measured and calculated relative center frequency shift (Δf/f) with respect to the applied magnetic field intensity. Both the fundamental wave (H1-159 MHz) and pseudo-harmonic (H3-465 MHz) were investigated. There is a good agreement between calculated and experimental results, which proves that the developed model leads to a correct prediction of the sensor sensitivity to the magnetic field intensity and direction. When the magnetic field is applied in the same direction as the direction of the acoustic wave propagation (X-direction), the experimental results are compared with the theoretical predictions, as shown in Figure12-a, for the fundamental spatial pseudo-harmonic. The Ni/ZnO/IDT/LiNbO3 delay line structure shows a sensitivity of 0.65ppm/mT, a value that is enhanced by a factor 3 when it is studied at the third harmonic (2.1ppm/ mT).
When the magnetic field is perpendicular to the acoustic wave propagation ( Fig. 12-b ) the experimental results confirm the calculated ones. As we can see in figure 18 -b, the shift in the Y-direction is smaller than the one in the X direction. However, the range of sensitivity that could be considered for sensor applications is wider in the Y direction (0 to 500mT). Moreover, the absence of ambiguous sensor readings that appear in X-direction is confirmed here experimentally, and it is very important for sensor applications. 
Discussion: toward more sensitive magnetic field sensors
The obtained sensitivity and quality factor values are still limited and various paths can be envisioned to enhance them. A strength of our structure is the possibility to use different strategies, separately or altogether to improve the sensor performances. Thus, the sensor sensitivity to magnetic field intensity can be improved by:
-Using a more sensitive layer, such as a strongly magnetostrictive layer for example: CoFeB, CoFeTb or the stacks similar to (TbCo2/FeCo) multilayers [13] . However, the knowledge of physical constants of such layers is required before for theoretical studies and optimization.
-Using higher frequency device leading to better confinement of the acoustic wave near the surface and subsequently inside the sensitive layer.
-Using insulating layer with different properties that presents a higher acoustic velocity, leading to a better confinement of the acoustic wave particularly in the sensitive layer.
Here we will consider the combination of the last two approaches. As insulating layer, we may use alumina (Al2O3) that presents a lower density and an acoustic velocity that is more than two times higher than that of ZnO. We will consider a device operating at 815 MHz in order to make a qualitative comparison with the spatial pseudoharmonics 3 and 5 in the two structures previously studied in this paper, Ni/Quartz and Ni/ZnO/IDT/LiNbO3 respectively.
First, we considered alumina (Al2O3) as an insulating layer instead of ZnO and kept all geometric parameters of the structure unchanged. Calculated results (Fig. 13) show that the particles displacement is larger when considering the structure with Al2O3 layer.
Fig. 13
By substituting ZnO with Al2O3 the sensor sensitivity was also enhanced by a factor 9 in the X direction ( Fig. 14-a) for a comparable operating frequency. The enhancement factor is equal to 6.25 in the Y direction ( Fig. 14-b ). This new structure also exhibits a higher quality factor compared to the structure using ZnO as insulator ( Fig. 15-a) .
When the magnetic field is applied in the Y direction ( Fig. 15-b ), the quality factor increases when the magnetic intensity increases and its value is always over than 5000, making this structure very interesting for wireless magnetic sensing applications. Work is in progress to realize the simulated structures and experimentally confirm the predicted results. 
Conclusion
To conclude, a theoretical model for the prediction of a SAW sensor sensitivity with respect to the intensity and the direction of externally applied magnetic fields was developed and validated experimentally. For the validation of our model, we used experimental results available in literature as well as our own experimental results.
This study confirms that the realization of magnetic wireless sensors combining high sensitivity and high quality factor is achievable by using a layered SAW structure. Three different structures were investigated, demonstrating that a careful choice of properties of considered piezoelectric, insulating and sensitive magnetoelastic layers is very important for the final performance of the sensor. after packaging (bottom). Note that for more clarity for reader, the first and the second curves were shifted by 120 and 60 dB respectively. Note that for more clarity for reader, the first and the second curves were shifted by 120 and 60 dB respectively. 
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